Abstract. The role of the nuclear spin-orbit coupling on the equilibrium composition and on the equation of state of the outer crust of a nonaccreting neutron star is studied by employing a series of three different nuclear mass models based on the self-consistent Hartree-Fock-Bogoliubov method.
Introduction
Born in the aftermath of gravitational core-collapse supernova explosions, neutron stars are the most compact stars in the Universe [1] . The outermost part of these stars is expected to be made of a bodycentered cubic crystal of iron whose density increases with depth. At density ρ eip ≈ 2×10 4 g cm −3 , the interatomic spacing becomes comparable with the atomic radius so that atoms are ionized although thermal effects are typically small (see, e.g., Ref. [1] ). At densities ρ ρ eip , the crust thus consists of a dense crystallized plasma of nuclei and highly degenerate electrons. As the density reaches about 7 × 10 6 g cm −3 , the interelectron spacing becomes comparable to the electron Compton wavelength therefore relativistic effects on electrons can no longer be ignored. With further compression, iron becomes unstable against electron captures and various other nuclear processes (see, e.g., Ref. [2] ). The equilibrium composition of the crust is completely determined by experimental nuclear masses up to a density of about 6 × 10 10 g cm −3 . Recourse must be made to nuclear models for the crustal layers beneath. With increasing depth, nuclei become progressively more neutron rich (see, e.g., Refs. [3] [4] [5] [6] [7] [8] for recent calculations). At some density ρ drip ≈ 4.4 × 10 11 g cm −3 , neutrons "drip" out of nuclei thus delimiting the boundary between the outer and inner regions of the crust (see, e.g., Ref. [9] for a recent discussion). The outer crust composition is essential to evaluate the possible contribution of neutron stars to the galactic enrichment in the so-called r-process nuclei, whose origin remains one of the major mysteries in astrophysics (see, e.g. Ref. [10] ). The constitution of the crust is also important for determining the size of the highest mountains, which can be a source of gravitational wave emission [11] , and for modelling various other astrophysical phenomena (see, e.g., Ref. [12] ).
In this paper, we study the role of nuclear spin-orbit coupling on the structure and on the equation of state of the outer crust of a nonaccreting neutron star using the experimental atomic mass measurements from the 2012 Atomic Mass Evaluation [13] (AME) complemented by the Brussels-Montreal Hartree-Fock-Bogoliubov (HFB) atomic mass tables HFB-24 [14] , HFB-28 and HFB-29 [15] .
Model of the outer crust of a neutron star
The model we adopt here is essentially the same as the one described in Ref. [4] . We will therefore only review the main assumptions.
We consider matter at densities ρ ρ eip and temperatures T much below the crystallization temperature T m . We assume that matter is in full thermodynamic equilibrium [16, 17] , in which case only one kind of nuclei with proton number Z and mass number A is generally present at any given density [18, 19] . The crystallization temperature T m is thus given by (see, e.g., Ref. [1] )
e is the elementary electric charge, a e = (3/(4πn e )) 1/3 is the electron-sphere radius, n e is the electron number density, k B is Boltzmann's constant, and Γ m 175 is the Coulomb coupling parameter at melting. Nuclei are further supposed to be arranged on a body-centered cubic lattice [20] . Since inside the star the pressure has to vary continuously and since the baryon number is conserved, the suitable thermodynamic potential for determining the equilibrium composition of the crust is the Gibbs free energy per baryon [21] . The latter is calculated as in Ref. [4] except that the contribution arising from electron polarization effects is now calculated as discussed in Ref. [22] .
The only microscopic inputs are nuclear masses. In Ref. [4] , we made use of the experimental atomic mass measurements from the 2003 AME [23] . Here we use the more recent data from the 2012 AME [13] . For the mases that have not yet been measured, we have employed three different microscopic nuclear mass models, namely HFB-24 [14] , HFB-28 and HFB-29 [15] . All these models are based on the self-consistent HFB method using generalized Skyrme effective interactions [24] supplemented with a microscopic contact pairing interaction [25] . These models differ in their treatment of the spin-orbit coupling. The spin-orbit coupling between nucleons i and j underlying the HFB-24 model is of the standard form
where r r r i j = r r r i − r r r j , p p p i j = −i (∇ ∇ ∇ i − ∇ ∇ ∇ j )/2 is the relative momentum, σ i σ i σ i and σ j σ j σ j denote the Pauli spin matrices. The model HFB-28 includes a density-dependent term
where q = n, p for neutrons and protons respectively, and n qi and n q j are the local nucleon number densities. The HFB-29 model was constructed from a generalized expression for the spin-orbit contribution to the energy density functional square deviation below 0.6 MeV. These models were simultaneously constrained to reproduce various properties of infinite homogeneous nuclear matter, as inferred from experiments and from many-body calculations using realistic nucleon-nucleon potentials. These properties include 1 S 0 pairing gaps, the incompressibility of symmetric nuclear matter at saturation, effective masses, and the equation of state of pure neutron matter. The models HFB-28 and HFB-29 with a nonstandard spin-orbit coupling yield a slightly better fit to nuclear masses than the model HFB-24. A study of the model and parameter uncertainties affecting the HFB mass predictions can be found in Ref. [26] .
Results
We have determined the constitution of the outer crust of a nonaccreting neutron star by minimising the Gibbs free energy per nucleon increasing the pressure from P = 9 × 10 −12 MeV fm −3 up to the onset of the neutron-drip transition at pressure P = P drip , with a pressure step δP = 1.003P. We have employed the nuclear mass tables available on BRUSLIB [27] .
As shown in Quite remarkably, all three models predict the same sequence of equilibrium nuclides in the deepest layers of the outer crust. Moreover, the neutron-drip transition is found to occur at the same densitȳ n drip = 2.56 × 10 −3 fm −3 and pressure P drip = 4.86 × 10 −3 MeV fm −3 . As shown in figure 2 , the equation of state relating the pressure P to the densityn is essentially the same for all models. The most notable differences can be seen in the pressure plateaus marking the transition between adjacent crustal layers. In the limit of ultrarelativistic electrons, the threshold pressure is approximately given by [19] 
where α is the fine structure constant, C = −1.44423 [28] , and the threshold electron Fermi energy is defined by
in terms of the nuclear masses M (A 1 , Z 1 ) and M (A 2 , Z 2 ), and the electron mass m e . The associated density discontinuity is approximately given by
Conclusion
We have studied the role of the nuclear spin-orbit coupling on the equilibrium composition and on the equation of state of the outer crust of a nonaccreting neutron star. To this end, we have minimised the Gibbs free energy per nucleon at fixed pressures, making use of experimental atomic masses from the 2012 AME [13] complemented by three different nuclear mass models HFB-24 [14] , HFB-28 and HFB-29 [15] . All these models yield excellent fits to all measured masses of nuclei with Z, N ≥ 8 with a root-mean-square error below 0.6 MeV, but are based on different forms of the nuclear spin-orbit coupling. Although the equations of state predicted by these models are almost undistinguishable, differences have been found on the composition at densities between 5 × 10 −5 and 8 × 10 −5 fm −3 . A better understanding of the nuclear structure of very exotic nuclei (especially 79 Cu, 128 Pd, 80 Ni, 126 Ru, and 121 Y) is needed to reliably determine the internal constitution of the outer crust of a nonaccreting neutron star.
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